In recent years, magnetic nanoparticles have gained a lot of interest due to their appealing properties for biomedical applications. 1 For instance, when exposed to an alternating magnetic field, they generate heat which can be used in the destruction of cancer cells. 2 Furthermore, when equipped with a suitable coating, they can be ideal drug carriers 3 or disease detectors. 4 Finally, the combination of the small sizes enabling virtually full body detection and the large magnetic moment enabling non-invasive detection, makes them excellent candidates for use in imaging applications. [5] [6] [7] [8] [9] However, for these applications to work reliably, the magnetic behavior of the nanoparticles should be fully understood. Many techniques are able to investigate the magnetic moment of an ensemble of nanoparticles. Most of these measurements require the use of an external magnetic field. Examples thereof are static magnetization measurements such as magnetization versus magnetic field (M(H)) curves or dynamic magnetization measurements such as AC susceptometry, magnetic particle spectroscopy, and magnetic particle rotation. [10] [11] [12] Alternatively, one can investigate the relaxation of the magnetic moment of the nanoparticle sample after the magnetic field is switched off (magnetorelaxometry (MRX)). [13] [14] [15] Using aforementioned measurement techniques, particle characteristics such as the size distribution or aggregation can be determined by fitting a theoretical model to the measurement data. 16, 17 Recently, also the impact of particle interactions was taken into account. [18] [19] [20] A third approach, in the absence of an external field, is to measure the noise signal resulting from the thermal switching of the nanoparticles. This switching has already been the subject of many theoretical studies. [21] [22] [23] Experimentally, it is possible to investigate the switching rate of individual superparamagnetic structures by scanning electron or magnetic force microscopy. 24, 25 Although this resulted in a better understanding of the switching rate of individual particles, the averaged spectrum of an ensemble of particles, as is used in biomedical applications, remains elusive. With the help of SQUIDs, an increased noise spectrum as a result of magnetic nanoparticles has been observed, 26 but the shape of the spectrum and its relation to the properties of the nanoparticle ensemble remains unexplored.
In this letter, we present the measured noise spectrum of several magnetic nanoparticle samples. We present a model to estimate the size distribution of the particles from the noise spectrum and compare it to those from magnetorelaxometry data of the same samples.
The fluctuations in the magnetic moment of nanoparticles can be the result of two distinct processes: one is the spatial rotation of the nanoparticle as a whole, and another in which only the magnetic moment of the nanoparticle changes direction. Both processes give rise to a characteristic fluctuation rate, N and B , respectively [Eq. (1)], which depend on the size, the material parameters and the environment of the particle
In these equations, V c and V h are the core and hydrodynamic diameters, respectively; K denotes the anisotropy constant, k B is the Boltzmann constant, T is the temperature, g is the viscosity, and 0 is an attempt frequency of 0.1 GHz.
Each nanoparticle is characterized by an effective rate
However, due to the exponential dependence of N on the core volume [Eq. (1)], the range of particle sizes for which both mechanisms are relevant is very small as N is either much smaller or much larger than B . Consequently, eff is approximately equal to N or B .
Both the noise spectrum and the MRX data of the samples are determined by these size dependent rates, so the particle sizes can be estimated by fitting the experimental data. Typically, the lognormal distribution 15 
In the following, a subscript c or h will be added to l and r to indicate the parameters of the core or hydrodynamic diameter distribution. We will assume the nanoparticles have size distributions PðV c Þ and PðV h Þ, with V c;h ¼ pD 3 c;h 6 , the core or hydrodynamic volume of a particle with diameter D c;h . Because the relationship between the core and shell sizes is unknown, we assume the core and hydrodynamic diameter distributions to be independent and use the fraction of each ensemble that fluctuates by the N mechanism as a fitting parameter / N . This is inspired on the cluster-moment-superposition-model 16 and takes the possibility for particles to cluster into account. With this approach, the relaxing magnetic moment of an ensemble of nanoparticles can be described by (4) where M 0 denotes the magnetization of the nanoparticle at time 0 and b is the ratio between the total core and hydrodynamic volumes in the distributions. Note that N and B are the inverse of the N eel and Brownian relaxation times s N and s B normally used in the description of MRX. 15 It is well-known that the noise power spectrum from the random switching of a magnetic moment has a Lorentzian shape 27 
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The noise spectrum of an ensemble of magnetic nanoparticles with all the same sizes will also have this shape. It is shown in the bottom curve in Fig. 1 . It is characterized by a flat white noise part up to the cutoff frequency , after which the noise power rapidly decreases as 1/f 2 . In reality, however, the nanoparticles have a size distribution, which also impacts the noise spectrum. In the middle and upper curves of Fig. 1 , the noise spectra for lognormal diameter distributions [Eq. (3)] with l ¼ 18 nm and r ¼ 0.05 and 0.2, respectively, are shown. This spectrum can then be described as
where g() depends on the size distribution of the particle sizes as
The superposition of these noise processes, each with a different cutoff frequency, changes the shape of the power spectrum and is responsible for the 1/f noise shape 28 (cf. Fig. 3(d) ) as can also be seen in the data presented in Ref. 26 .
Noise and MRX measurements of 5 different samples were performed in the 8-layered magnetically shielded room at Physikalisch-Technische Bundesanstalt (PTB) in Berlin. 29 A single channel MRX system 15 was used for both the noise measurements and MRX measurements. It contains a low T c SQUID in a dewar. The sample is placed outside the dewar in a 150 ll cuvette, 12 mm below the SQUID. MRX measurements at T ¼ 295 K are performed by applying a magnetic field of 1 mT to the sample for 1 s. After a dead time of 200 ls, the MRX signal is recorded for 0.5 s. The coil system generating the magnetic field for the MRX measurements is removed during noise measurements to avoid the related background noise. The sensor signal is guided to a spectrum analyzer (HP 35670A Dynamic Signal Analyzer) which records the noise spectra of the samples in units of fT= ffiffiffiffiffiffi Hz p . The measurements were performed in 4 frequency windows (10 Hz-110 Hz, 100 Hz-1.7 kHz, 1.6 kHz-14.4 kHz, and 12.8 kHz-50 kHz), which were logarithmically divided into 800 points. For practical reasons, only 50 averages were taken in the first window, while 500 averages were taken in the other windows. Using the same setting, the background noise spectrum was recorded using an empty sample holder.
The samples used in this study are iron oxide particles dispersed in water from Berlin Heart GmbH with an iron concentration of 55.7 mg/ml which were 1:1 diluted with water [BH11], 1:1 diluted with glycerol [BHGL] and immobilized in gypsum [BHIM] . We also used a cobalt ferrite sample (SiMAG/CF-Carboxyl) acquired from Chemicell GmbH [COFE] and cobalt ferrite nanoparticles with a silica shell [CODS] . For the latter one, the magnetic core was prepared via a co-precipitation method 30 and afterwards covered via a silica shell by a modified Stoeber process. . These results prove that the noise spectra can indeed be well described by Eq. (6) and illustrate the transition from 1/f 2 noise to 1/f noise for broader distributions The lightcolored datapoints are generated with Vinamax, while the full darker lines depict the theoretically expected spectra [Eqs. (6) and (7)]. The bottom (red) curve depicts the spectrum of a mono disperse ensemble with all particle diameters equal to 18 nm, while the middle (green) and top (blue) curves correspond to lognormal size distributions [Eq. The measured relaxation curves and noise spectra from the samples described above are shown in Fig. 2 . The relaxation curves (black crosses), shown in Fig. 2(a) , were normalized to allow an easy comparison. To estimate the size distributions, we fitted 32 Eq. (4) with a distribution given by Eq. (3) to this data. As can be seen in Fig. 2(a) (full lines) , there is an excellent correspondence and the fit parameters are shown in Table I . Fig. 2(b) shows the raw noise spectra. For all samples, the noise amplitude is significantly larger than the background noise. The shape clearly depends on the size distributions and environment of the particles. The noise amplitude of the immobilized particles [BHIM] goes down faster than that of the liquid samples. This is attributed to the predominance of slow N eel relaxation processes, in good agreement with the slow relaxation observed in MRX. The noise spectra of the liquid samples remain higher up to larger frequencies by the additional contribution of the faster Brownian relaxation. In line with the difference in viscosity, the spectrum of the BH particles remains higher up to larger frequencies for the suspension in water [BH11] than in Glycerol [BHGL] . The higher viscosity in glycerol gives rise to a smaller contribution of rates at higher frequencies (cf. Eq. (1)), thus explaining the steeper slope observed for the [BHGL] sample. In line with the fast relaxation, the noise amplitude in the [COFE] sample remains large up to very high frequencies.
In Fig. 3 , the noise spectra are shown (red lines) for each sample, but this time with the background noise subtracted. The full blue lines depict the fitted shape of the spectrum using Eqs. (6) and (7) and the size distribution estimates shown in Table I . The noise spectra of the immobilized samples can also be simulated with the Vinamax 33 code, as only the N mechanism is relevant. We averaged over 50 ensembles consisting of 1000 nanoparticles with a predefined lognormal size distribution. The thermal switching of the nanoparticles, implemented as a jump-noise process, 34 was simulated for 1 s for each ensemble. In Fig. 3(d) , the result of this simulation is shown in green.
When looking at Table I , a rough agreement between the parameter estimations from both datasets can be seen. However, a trend in the differences can be observed: typically the hydrodynamic diameter distribution is estimated a little smaller from the noise spectrum than from the MRX data. This might originate in the fact that the equilibrium configuration of the particles, and thus also their relaxation, is influenced by external fields. 19, 35 The noise spectrum is measured in the absence of an external field while the MRX data are recorded after the samples were magnetized for 1 s by a magnetic field of 1 mT. During this time, clustering by chain formation may occur. The resulting interactions can decrease the relaxation rate. 19 This process is not taken into account in the fit model and will result in overestimation of the particle sizes. This clustering will also depend on the particle concentration. For instance, the relaxation measured in an 1:6 diluted BH sample was faster than in the 1:1 diluted [BH11] sample. However, these data are not shown because the corresponding noise spectrum was too small compared to the background noise.
Finally, also a dilution series of Berlin Heart particles in water was investigated. The used dilution factors (DF) were 1 (undiluted), 1.5, 2, 3, 4, and 5 (corresponding to a 1 in 5 dilution). For these samples, we were only interested in the scaling of the noise amplitude. To this end, 5000 spectra between 100 and 12.9 kHz, logarithmically divided into 200 points, were averaged. To obtain the scaling factor, we performed a pointwise division between the spectrum of the undiluted sample and all other spectra between 400 Hz and 2 kHz. This range was chosen as it had the best signal to noise ratio. For each dilution factor, the resulting ratios were then averaged and their standard deviations determined. TABLE I. The parameters for the size distributions of the different samples estimated from their MRX signal and their noise signal. l has units of nm, the others are unitless. We used a saturation magnetization of 400 kA/m for all samples. The BH-samples were fitted with K ¼ 11.5 kJ/m 3 while the CO-samples were fitted with K ¼ 100 kJ/m 3 , as determined from MRX-data. All liquid samples had a viscosity of 1 mPa s, except for the water/glycerol sample where we used a viscosity of 5.6 mPa s, in agreement with tabulated values.
MRX
Noise spectrum The averaged noise spectra are shown in the inset of Fig. 4 . The relative strengths of these spectra were extracted and normalized to the strength of the undiluted sample and confirm that the strength decays as 1/ ffiffiffiffiffiffi ffi DF p , as expected from the model. Indeed, the measured spectra can be seen as the square root of the sum of the power spectra of the individual particles (in fT 2 /Hz), and the number of particles (proportional to the power spectrum) decreases linearly with DF.
To conclude, we demonstrated that the magnetic noise spectral density of nanoparticles ensembles, of only a few (fT/ ffiffiffiffiffiffi Hz p ), can be measured with SQUIDs in a magnetically shielded environment. A model was constructed to interpret these noise spectra in terms of the relaxation rates of the particles and their size distribution could be estimated. These results were consistent with the size distributions obtained from MRX data of the same samples. In the future such noise measurements might be used at different offset fields to investigate cluster formation and its influence on the relaxation rates. , the signal to noise ratio was too low to see a clean spectrum. The full blue lines correspond to the spectrum fitted with Eq. (6) with the size distributions shown in Table I . In contrast to the rest of the panels, panel (a) displays the noise spectrum with a linear y-axis. In panel (d), the spectrum of the BHIM sample is shown together with the spectrum generated with Vinamax (in green) and with a guide to the eye to illustrate the 1/f frequency dependence.
